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METHOD FOR ETCHING AND APPARATUS
FOR ETCHING

CROSS REFERENCE TO RELATED
APPLICATION

This application 1s based on Japanese Patent Application

No. 2005-244329 filed on Aug. 25, 2005, the disclosure of
which 1s incorporated herein by reference.

FIELD OF THE INVENTION

The present invention relates to amethod for etching and an
apparatus for etching.

BACKGROUND OF THE

INVENTION

A dry etching method 1s conventionally used 1n order to
form a clearance between elements, a contact hole, and a
capacitor 1n a silicon substrate. In the dry etching method, a
deep trench 1s formed 1 a CZ silicon substrate by using a
mixed gas with O, and Cl, or HBr. The mixed gas has a high
depositional tendency so that a deposition of a sidewall pro-
tecting film 1s faster than the etching of silicon 1n the conven-
tional method using the mixed gas. Therefore, a speed of the
silicon etching 1s slow. Further, a metallic contamination 1s
caused, since an iner wall of a chamber 1s corroded by a
strong corrosion effect of the mixed gas.

In order to solve this problem, a dry etching method by
using mixed gas plasma 1s suggested. In the method, a mixed
gas with a fluorinate gas, e.g., SF, gas, and an oxygenic gas,
e.g., O, gas, generates plasma. Ions and radicals of S, F, and
O are dissociated from the SF, gas and the O, gas, and react
with a surface of the S1 substrate so that SiF and S10 are
generated. In the process of the generation of the SiF, the Si
ctching 1s promoted. At the same time, an appropriate amount
of the S10 1s formed as the sidewall protecting film. There-
fore, an 1sotropic etching by the F-radical 1s reduced so that an
anmisotropic and fast etching can be performed. Moreover, 1n
the dry etching method, the S10 film layer, which 1s generated
by the reaction of the silicon substrate and the mixed gas
plasma with the SF, gas and the O, gas, 1s formed thinly on
the inner wall of a chamber so that a generation of a foreign
object due to a removal of an attachment 1s less, and a wet
cycle following the dry etching in order to remove a mask can
be kept long.

Furthermore, the S10 film layer formed thinly on the inner
wall of the chamber prevents a metal contamination gener-
ated on a chamber member from scattering toward the Si
substrate. Also, a characteristic trouble of a semiconductor
device formed on the substrate can be reduced.

In the conventional method using the SF. gas and the O,
gas, when an etching process 1s performed 1n a SOI (Silicon
On Insulater) substrate, the anisotropic etching toward a
lower oxide film layer 22 deteriorates so that a side etching
region 23 1s locally generated as shown in FIG. 2. Number 24
shown 1n FIG. 2 1s a mask. In the etching process, there are
physical reactions, e.g., a sputtering by applying a RF wave
on the substrate, and chemical reactions by the dissociated
radicals. In the side etching region 23, the 1sotropic S1 etching
1s promoted by the chemical reactions with the dissociated
radicals. In the etching process of silicon layer 21, S1i—F 1s
generated by a reaction with the F-ion and the S1layer 21. A
reaction between the Si—F and the O-10n provides a S10,
layer film as the protecting film on the sidewall of a trench.
However, when the etching reaches the lower oxide film layer
22 of the SOI substrate, 1n which the etching rate 1s low, the
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generation of the S1—F 1s decreased so that the protecting
film of S10, becomes thin. This 1s because the etching rate of
the lower oxide film layer 22 1s low. In contrast, excess F-1ons
and F-radicals dertved from the F-1ons due to the decrease 1n
the reaction of the silicon layer 21 promote to form the side
ctching region 23 of the silicon layer 21 along with the lower
oxide film layer 22 of the SOI substrate, in which the S10,
protecting {ilm 1s thin.

A conductor or an msulator 1s embedded in the trench. For
example, when the trench 1s used for separation between
clements, an msulating film such as a silicon oxide film 1s
embedded 1n the trench. However, a hole, 1.e., void, 1s formed
in the silicon oxide film due to an incompletion of the embed-
ment when the side etching region 23 exists. The void causes
an 1crease of a leak current and a decrease of a withstand
voltage, and therefore, a yielding rate of the semiconductor
device 1s reduced. Accordingly, a prevention of the generation
of the side etching region 23 1s an important technology for
securing the characteristic of the semiconductor device.

In addition, as shown in FIG. 3, a residual needle, 1.e., a
black silicon 25, 1s generated on an external portion of a S1
waler 26. The black silicon 25 1s broken in a following wash-
ing process. A dust of the black silicon 25 1s adsorbed on the
surface of the semiconductor substrate and contaminates a
washing tank. The black silicon 25 causes problems such as a
decrease 1n a yielding rate and a productivity of the semicon-
ductor device.

The black silicon 25 can be eliminated by increasing a ratio
of the SF, gas to the O, gas compared with a conventional
ratio. However, the increase of the SF /O, ratio causes a
decrease of the sidewall protecting film so that a side etching

region 27 1s generated just beneath the mask 24, as shown 1n
FIG. 4.

Furthermore, JP-A-8-241885 discloses a method for pre-
venting a generation of a notching, 1n which a maximum
clectric potential of an object 1n a surface treatment process 1s
kept higher than that of plasma. In the method, a pulse power
source 1s provided 1n place of a conventional sine wave high-
frequency power source as a bias power source. A duty ratio
of the pulse power source 1s equal to or less than 5%. Apply-
ing a pulse voltage having a rising speed equal to or more than
103 V/us generates an electric field, 1n which an electron 1s
accelerated toward a substrate. However, this method cannot
solve the above-described problem, 1n a case where the etch-
ing of the trench having a high aspect ratio 1s performed by
using the fluorinate gas and the oxygenic gas.

SUMMARY OF THE INVENTION

In view of the foregoing and other problems, it 1s an object
of the present disclosure to provide a method of etching for
forming a groove. It1s another object of the present disclosure
to provide an apparatus for etching.

According to a first aspect of the disclosure, a method of
ctching for forming a groove 1 a SOI substrate includes a
forming step, in which a mixed gas plasma 1s formed by using
a mixed gas of a fluorinate gas and an oxygenic gas, and an
applying step, in which a high-frequency bias 1s 1ntermait-
tently applied to the SOI substrate. The high-frequency bias 1s
a temporally modulated high-frequency electricity.

According to a second aspect of the disclosure, an appara-
tus for etching at least one of a trench and a hole 1 a SOI
substrate includes a container, an electrode disposed in the
container, on which the SOI substrate 1s disposed, a micro-
wave power source for generating a plasma, a solenoid coil
for generating a magnetic field, which 1s disposed on an
external wall of the container, a gas supplying portion for
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supplying a mixed gas with a fluorinate gas and an oxygenic
gas mto the container, a cooling portion for cooling the SOI
substrate on the electrode, and a high-frequency power source
tor supplying a high-frequency bias intermittently to the elec-
trode, 1n which the high-frequency bias 1s a temporally modu-
lated high-frequency electricity, and the high-frequency bias
has a modulation frequency 1n a range between 1 kHz and 2
MHz.

According to the first and second aspects of the disclosure,
a yielding rate and a productivity can be improved because
generations of a side etching region and a black silicon needle
can be prevented.

BRIEF DESCRIPTION OF THE DRAWINGS

The above and other objects, features and advantages of the
present invention will become more apparent from the fol-
lowing detailed description made with reference to the
accompanying drawings. In the drawings:

FI1G. 115 a cross-sectional view showing a schematic struc-
ture of an etching apparatus according to a first embodiment;

FIG. 2 1s a cross-sectional view showing a side etching
region generated on a lower oxide film layer of a substrate
according to a conventional method;

FI1G. 3 1s a perspective view showing a black silicon needle
generated on a part of a silicon substrate not covered with a
mask pattern according to the conventional method;

FIG. 4 1s a cross-sectional view showing a side etching
region generated just beneath a mask according to the con-
ventional method;

FIG. 5 1s a cross-sectional view showing a structure of a
substrate according to the first embodiment;

FIG. 6 1s a graph showing a CW bias waveiform and a TM
bias wavelorm according to the first embodiment;

FIG. 7A 1s a cross-sectional view showing a shape of a
trench when a duty ratio 1s 20% according to the first embodi-
ment, FIG. 7B 1s a cross-sectional view of a substrate showing,
a shape of a trench when the duty ratio 1s 50% according to the
first embodiment, and FIG. 7C 1s a cross-sectional view of a
substrate showing a shape of a trench according to the con-
ventional method:

FIG. 8 1s a graph showing a relationship between a length
of a side etching and a duty ratio of a TM bias applying time
according to the first embodiment;

FI1G. 9 1s a cross-sectional view showing a shape of a trench
according to a second embodiment of the present invention;

FIG. 10 1s a cross-sectional view showing a mask having a
forward tapered shape according to the second embodiment;

FIG. 11 1s a cross-sectional view of a sidewall of the sub-
strate explaining a side etching effect according to the second
embodiment;

FI1G. 12 1s a graph showing a relationship between a length
of a side etching and a ratio of SF, gas to O, gas according to
other embodiments;

FIG. 13 1s a graph showing a relationship between a Si
ctching rate 1n a trench processing and the ratio of the SF gas
to the O, gas according to the other embodiments;

FIG. 14 1s a graph showing a relationship between the
length of the side etching region under the mask and an
clectrode temperature according to the other embodiments;

FI1G. 15 1s a graph showing a relationship between a selec-
tion ratio of S1/510 and the duty ratio according to the other
embodiments;

FIG. 16 1s a table showing an etching condition according
to the first embodiment; and
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FIG. 17 1s a table showing etching conditions according to
the second embodiment.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

First Embodiment

A plasma etching apparatus according to a first embodi-
ment will be described with reference to FIG. 1. The appara-
tus 15 a microwave plasma etching apparatus, 1n which a
microwave and a magnetic field are used 1n order to form the
plasma.

The plasma etching apparatus includes a container 1, a
substrate 2 to be processed as an object, 1.e., SOI substrate,
and a stage 3. The container 1 is a cylindrical shape and made
of aluminum or stainless steel. The substrate 2 1s disposed on
the stage 3.

A chlorofluorocarbon gas, 1.e., fluorinate gas, such as SF .,
S,F, ., NF;, CF,,and C,Fg, an1inactive gas such as Arand N,
and an oxygenic gas such as O, and CO are supplied homo-
geneously to the surface of the substrate 2 through a trans-
mission window 5 from a gas feeding port 4. The transmission
window 5 has a porous structure. A gas flow controlling
clement, 1.e., MFC, or an air valve (not shown) controls an
amount and a timing of the gases supplied to the substrate 2.

An evacuating element such as a turbo-molecular pump
(1.e., TMP, not shown) 1s disposed at a lower part of the
container 1. A pressure-controlling element such as an auto
pressure controller (1.e., APC, not shown) maintains a prede-
termined pressure inside of the container 1. A reacted gas
alter a treatment 1s discharged to the outside of the container
1 through the evacuating element.

A microwave generated by a magnetron 6 1s introduced to
the container 1 through a wave-guide 7 and a dielectric win-
dow 8. The dielectric window 8 1s made of quartz, sapphire,
aluminum nitride, and/or boron nitride, which are capable of
transmitting an electromagnetic wave.

A solenoid coil 9 for generating a magnetic field 1s dis-
posed on the external wall of the container 1. Electron Cyclo-
tron Resonance, 1.e., ECR, 1s generated by an interaction of
the magnetic field and the incident microwave. Thus, plasma
of high density can be formed.

An electrostatic chuck 10 1s disposed on the conductive
stage 3. Applying a direct current voltage from a power source
17 to the electrostatic chuck 10 generates an electrostatic
absorbance force so that the substrate 2 1s fixed to the elec-
trostatic chuck 10. An insulating cover 18 made of ceramics
and/or quartz 1s disposed around the substrate 2. A construc-
tion provided at the center of the apparatus 1n order to arrange
the substrate 2 represents an electrode 1n general.

A groove 1s formed 1n the surface of the electrostatic chuck
10 so that a passage 12 1s formed between the backside of the
fixed substrate 2 and the electrostatic chuck 10. Cooling gas
such as He, Ar, and O, 1s supplied to the passage 12 from a
cooling gas feeding port 15. The inside of the passage 12 can
be maintained at a predetermined pressure. When the tem-
perature of the surface of the substrate 2 increases, the heat 1s
transmitted to the electrostatic chuck 10 so that the tempera-
ture of the surface of the substrate 2 can be maintained at a
predetermined temperature. The gas 1n the passage 12 and the
surtace of the electrostatic chuck 10 1n contact with the sub-
strate 2 perform the heat transmission. In order to cool the
substrate 2 at —60° C., refrigerant 1s circulated 1n a refrigerant
circulating passage 13. The refrigerant circulating passage 13
1s embedded inside of the electrostatic chuck 10. A chiller unit
14 controls the temperature of the refrigerant. The refrigerant
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provides to reinforce a protecting film formed on a sidewall of
a trench, and to prevent generation of a side etching region
1ust beneath a hard mask of the trench effectively.

A high-frequency electricity introducing port 16 1s con-
nected to the conductive stage 3. A sine wave voltage of 400
kHz or a TM (Time Modulation) bias high-frequency elec-
tricity can be applied from the port 16. The TM bias high-
frequency electricity represents that a high-frequency elec-
tricity biased by an temporally modulation, which 1s supplied
to the substrate intermittently. A controller (not shown) of the
etching apparatus controls the power and the timing of the
TM bias high-frequency voltage. A high-frequency power
source 11 1s a vaniable-frequency power source capable of
applying any frequency between 400-1200 kHz.

In order to apply the TM bias high-frequency electricity, an
arbitrary waveform generator (not shown) 1s connected to the
high-frequency power source 11. The generator 1s capable of
modulating a high-frequency electricity temporally and sup-
plying the electricity to the electrostatic chuck 10 intermit-
tently. A duty ratio and a period of the TM bias high-ire-
quency electricity can be controlled based on a recipe, 1.€., a
process condition, registered 1n the controller of the plasma
etching apparatus.

In the container 1, a cylinder 20 made of quartz and a cover
19 are disposed around the electrode. For improving mainte-
nance performance and for preventing metal contaminations,
the cylinder 20 1s detachable and the surface of the cover 19,
which 1s made of aluminum, 1s treated with alumaite.

That 1s, 1n the apparatus for etching at least one of a trench
and a hole 1n the SOI substrate including the container 1, the
clectrode (stage) 3 disposed in the container 1, on which the
SOI substrate 1s disposed, the microwave power source (imag-
netron) 6 for generating a plasma, the solenoid coil 9 for
generating the magnetic field, which 1s disposed on the exter-
nal wall of the container 1, the gas supplying portion 4 for
supplying the mixed gas with the fluorinate gas and the oxy-
genic gas into the container 1, the cooling portion for cooling
the SOI substrate on the electrode (cooling gas feeding por-
tions 12, 15, refrigerant circulating passage 13 and chiller unit
14) and the high-frequency power source 11 for supplying the
high-frequency bias to the electrode, the mixed gas with the
fluorinate gas and the oxygenic gas 1s supplied from the gas
supplying portion 4, the high-frequency bias which 1s a tem-
porally modulated high-frequency electricity 1s supplied
intermittently to the electrode, in which the frequency range
of the high-frequency bias 1s between 1 kHz and 2 MHz, and
the electrode, on which the SOI substrate 1s disposed, 1s
controlled to be between —30° C. and -60° C. by the cooling
portion.

Further, 1n the etching apparatus, the high-frequency
power source 11 1s capable of supplying the high-frequency
bias continuously and the high-frequency bias, which 1s tem-
porally modulated, intermittently. The high-frequency power
source 11 outputs the high-frequency bias, which 1s tempo-
rally moderated, intermittently after supplying the high-fre-
quency bias continuously.

In addition, 1n the etching apparatus, the fluorinate gas
supplied from the gas supplying portion 4 includes at least
one of SF., S,F,,, NF;, CF, and C,F, and the oxygenic gas
supplied from the gas supplying portion 4 includes at least
one of O, and CO.

The apparatus according to the first embodiment performs
an etching of a deep trench 1 a SOI substrate 1n a condition
shown 1n FIG. 16 using the TM bias. The details of the
operation will be described with reference to FIGS. 1-7C. In
the first embodiment, as shown 1n FIG. 16, conditions are set

as the TM electricity: 100 W, the TM 1frequency: 1 kHz, the
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duty ratio: 30%. The high-frequency power applied 1n unit
time 1n the TM bias 1s set to be 30 W, and that i1n the CW bias
1s also set to be 30 W.

The substrate 2 to be treated shown 1n FIG. 1 1s a SOI
substrate shown 1n FI1G. 5. A hard mask pattern 24 of a silicon
oxide film 1s formed on the substrate 2 by using a photoli-
thography method or an etching method. The hard mask
pattern 24 1s a P-TEOS {ilm, thickness of which 1s 2.0 um. A
trench pattern, width of which 1s about 1.0 um, 1s formed 1n
the hard mask pattern 24. A silicon oxide film layer 22,
thickness of which 1s several micrometers, 1s at a position of
about 15 um (1n this case, D shown 1 FIG. 515 15 um) under
the mask pattern 24. A depth D has a variation between at a
center part and at a periphery part in the substrate 2. Also, the
depth D has a variation between substrates 2 so that an etching
treatment 1s operated with a consideration of the variations.

The substrate 2 1s transported to the container 1 by a trans-
port portion (not shown) and arranged on the electrostatic
chuck 10. An Ar gas, which 1s controlled to be 100-500 CCM
by the gas controlling portion, 1s supplied to the inside of the
container 1. The APC controls the pressure of the inside of the
container 1 to be 0.5-20 Pa. 400 W microwave 1s introduced
into the container 1 through the wave-guide 7 so that plasma
1s formed.

Direct current voltage of —400 V 1s applied through the
power source 17 so that an electric charge 1s transported
through the plasma. Thus, an electrostatic absorbance force 1s
generated. Thus, the substrate 2 to be treated as an object 1s
fixed to the electrostatic chuck 10.

A He gas 1s supplied to the passage 12 through the cooling
gas feeding port 15. The pressure of the mnside of the passage
12 1s controlled to be 10-20 kPa.

The substrate 2 1s cooled to be —45° C. by the heat trans-
mission to the contact face of the electrostatic chuck 10 and
the heat transmission of the gas 1n the passage 12 for a pre-
determined time.

A stronger absorbance force can be obtained by using the
clectrostatic chuck 10 having a monopole, compared with
that having a dipole. Also, the inside pressure of the passage
12 can be maintained high so that a cooling etficiency can be
improved. Alternatively, the electrostatic chuck 10 having the
dipole may be used. However, i case of dipole chuck, 1n
order to obtain the same absorbance force as that of the
clectrostatic chuck 10 having the monopole, applying a
higher voltage 1s needed so that a lifetime of parts of the
electrostatic chuck 10 becomes shorter because of, for
example, dielectric breakdown of the electrostatic chuck 10.
In addition, the absorbance force 1s different between a nega-
tive electrode and a positive electrode 1n the electrostatic
chuck 10 having the dipole. The difference causes a variation
of the temperature of the substrate 2 so that 1t 1s difficult to
prevent a variation of the etching shape.

The electrostatic chuck 10 having the dipole can be used, 11
areas of the positive electrode and an absorption electrode of
the positive electrode side are decreased so that the tempera-
ture of the surface of the substrate 2 1s uniformed. However,
the structure of the electrostatic chuck 10 having the dipole
becomes complicated and the cost of the parts of the electro-
static chuck 10 having the dipole increases.

After the substrate 2 1s cooled to a predetermined tempera-
ture, the microwave 1s stopped so that the plasma 1s stopped.
After the supplying of the Ar gas 1s stopped, the 1inside of the
container 1 1s evacuated. Then, SF , gas of 60 CCM and O, gas
of 15 CCM are supplied to the container 1. That 1s, the inside
of the container 1 1s replaced with the etching gas. The 1nside
pressure of the container 1 1s controlled to be 2.5 Pa by the

APC.
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The plasma 1s generated by applying a microwave power of
800 W to the side of the container 1. After the ignition and
the stability of the plasma are checked by an optical method,
a 400 kHz bias modulated by the arbitrary wavetform genera-
tor (not shown) 1s applied to the substrate 2 from the high-
frequency electricity itroducing port 16. FIG. 6 1s a graph
showing an example of a conventional 800 KHz CW bias
wavelorm 28, and an example of a 400 KHz TM bias wave-
form 29 used 1n the first embodiment. The CW (Continuous
Wave) bias represents a conventional bias supplied to an
object continuously. The applied power per unit time by the
TM baas 1s fixed, and the applying time by the TM bias can be
modulated. Specifically, the applying of the bias to the sub-
strate 2 and the stopping of the bias are temporally modulated.
Therefore, a higher voltage can be applied by the TM bias
than the CW bias. Even when the applying power per unit
time by the TM bias 1s the same as that by the CW bias, an 1on
having a high ability 1n a vertical movement can be generated
in accordance with a high Vpp, 1.e., a large amplitude, shown
in FIG. 6.

The high-frequency power source 11 can apply RF elec-
tricity having a maximum power per unit area of 2.8 W/cm”.
However, the 10n having the high ability 1n the vertical move-
ment can be generated most effectively by the power per unit
areain a range between 0.1 W/cm” and 0.3 W/cm”. The power
per unit area of more than 0.3 W/cm? cannot effectively gen-
erate the 10n having the high ability i the vertical movement.

A ratio of a high-frequency applying time to an entire time,
which 1s a sum of a high-frequency applying time and not
applying time, 1s defined as a duty ratio. Applying state of the
high-frequency bias can be controlled by the duty ratio. The

entire time can be also controlled such that the period of the
TM bias can be controlled between 200 Hz and 10 MHz. The

OFF-period of the bias 1s controlled by the period of the TM
bias so that a reacting time of a by-product and an adsorption
time of the by-product to a sidewall of the chamber can be
controlled.

Moreover, changing the frequency of the CW bias and the
TM bias enables the 1on movement in the vertical direction
and the 10n energy to be changeable. In the TM bias, lowering
the frequency improves the ion movement in the vertical
direction. In contrast, 1n the CW bias, raising the frequency
reduces the 1on bombardment so that the etching of the S10,
mask 24 and the side etching region 27 just beneath the mask
24 can be decreased. The levels of the decreases 1n the etching
of the mask 24 and the side etching region 27 under the mask
24 depend on the process condition, the structure of the appa-
ratus such as the structure of the electrode, the plasma density,
and the etching gas. Therefore, each appropriate frequency
can be determined between 400-1200 kHz 1n accordance with
the etching apparatus and the etching gas to be used.

After the etching of the substrate 2 1s performed for a
predetermined time, the microwave 1s stopped so that the
plasma 1s stopped. After the supplying of the etching gas 1s
stopped, the container 1 1s evacuated so that the reaction
products 1n the container 1 are discharged. The treatment time
of the substrate 2 1s controlled based on a recipe, 1.€., process
condition, registered in the controller (not shown) of the
ctching apparatus.

FIGS. 7TA-7C are cross sectional views of the substrates 2
showing that the shape of the trench depends on the duty ratio.
The duty ratio 1s 20% 1n FI1G. 7A, and the duty ratio 1s 50% 1n
FIG. 7B. The etching of the substrate 2 by the conventional
method using the CW bias 1s shown 1n FI1G. 7C for comparing
with FIGS. 7A and 7B. Numeric results of a length of the side
ctching region 23 generated on the lower oxide film layer 22
based on FIGS. 7A-7C are shown i FIG. 8. A horizontal
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length of the side etching region 23 generated along the
sidewall of the trench and the lower oxide film layer 22 shown
in FI1G. 2 defines the length of the side etching region 23.

As shown in FIG. 8, the length of the side etching region 23
increases with the increase of the duty ratio. When the duty
ratio increases from 20% to 50%, the length of the side
ctching region 23 becomes three times larger. Furthermore,
when the duty ratio increases from 50% to 100%, the length
of the side etching region 23 becomes 1.4 times larger. The
duty ratio of 100% corresponds to the conventional CW bias
shown 1 FIG. 7C. When the trenches are adjacent to each
other by a miniaturization, 1.¢., when a distance between the
adjacent trenches 1s small in case of downsizing, the side
ctching regions 23 may be connected to each other.

When the duty ratio 1s equal to or more than 30%, the
length of the side etching region 23 1s equal to or more than 1
um so that an embedment of an object such as a conductor or
an insulating material 1n the trench 1s difficult. In this case, a
problem affecting a device characteristic may be caused, such
as a leak current. On the other hand, when the duty ratio 1s
equal to or less than 10%, the arbitrary microwave generator
cannot be controlled stably so that a variation in the etching
shapes 1s generated. When the duty ratio 1s 0%, an anisotropic
etching cannot be performed. In order to decrease the length
of the side etching region 23 and to perform a stable etching,
the duty ratio 1s controlled to be between 10% and 50%.
Preferably, the duty ratio 1s controlled to be between 20% and
40%. The level of the effect on the length of the side etching
region 23 by controlling the duty ratio depends on the process
condition, the structure of the apparatus such as the structure
of the electrode, the plasma density, and the etching gas.
Therefore, an appropriate duty ratio can be determined 1n
accordance with the etching apparatus and the etching gas to
be used.

When the duty ratio 1s decreased, the length of the side
ctching region 23 1s decreased. Adversely, adepth VIIA of the
ctching of the lower oxide film layer 22 1s increased as shown
in FIG. 7A. When the CW baas 1s used, the length of the side
etching region 23 i1s increased. However, the CW bias can
reduce the depth VIIA of the lower oxide film layer 22 as
shown 1n FIG. 7C. Accordingly, the CW bias 1s used until the
etching reaches near the lower oxide film layer 22 in a first
process. Next, the rest of the etching 1s performed 1n a second
process by using the TM bias. Thus, the side etching region 23
and the etching of the lower oxide film layer 22 can be
reduced so that an 1deal shape of the deep trench can be
obtained.

The reason why the side etching region 23 1s decreased by
a decrease of the duty ratio 1s not confirmed clearly. However,
a mechanism may be assumed as described below. As shown
in FIG. 6, the TM bias 29 having the high Vpp can generate
the F-1on having the high ability 1n the vertical movement. As
shown 1n FI1G. 7A, the depth VIIA of the etching of the lower
oxide film layer 22 1s large, so that the generation of the F-1on
having the high ability 1n the vertical movement can be esti-
mated. In the etching of the silicon layer 21, a large amount of
S1F, 1s generated by reacting with the F-1on so that the pro-
tecting film of S10, with a sufficient thickness 1s formed on
the sidewall of the trench by reacting with O-10n. However,
when the etching reaches the lower oxide film layer 22, of
which the etching speed 1s low, the thickness of the protecting
f1lm of S10, 1s decreased 1n accordance with the decrease of
the S1F . The F-10n and the F-radical erode the thin protecting
f1lm, and the 1sotropic etching by the F-radical forms the side
etching region 23.

In contrast, the TM bias 1s applied intermittently so that the
reacting time for generating S10,, and the absorbing time of
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S10, to the sidewall of the trench are secured. Therefore, the
protecting film of the S10, 1s maintained, and prevented from
being eroded by the F-radical.

The TM bias has large 10n energy so that the side etching,
region 27 just beneath the mask 24 1s generated by a rebound
of the F-1on. The side etching region 27 under the S10, mask
24 15 obviously formed when the depth D shown 1n FIG. 5 of
the substrate 2 1s equal to or more than about 30 um. When the
depth D of the trench 1s equal to or less than 20 um, the
processing time 1s relatively short so that the side etching
region 27 1s less even 1n a condition the duty ratio 1s 30%. That
1s, a problem of a void 1s not caused.

Second Embodiment

In a second embodiment, a method for etching a trench
having 1 um width 1n a substrate 2 will be described, in which
the depth D shown 1n FIG. 5 1s equal to or more than 30 um.
A description of processes from a start of the method to an
1gnition of plasma in the second embodiment 1s similar to that
in the first embodiment, and will be omitted.

The process condition of the second embodiment 1s shown
in FIG. 17.

After the plasma 1gnition by the microwave, a first etching
process 1s performed by the CW bias 1n a condition shown in
FIG.17. In afirst etching process, conditions are set as the SF 4
gas tlow: 120 ml/min, the O, gas flow: 30 ml/min, the micro-
wave output: 600 W, the pressure: 1.5 Pa, the bias RF applying,
method: CW, the RF output: 30 W, the substrate temperature:
—-45° C., and the coil current (top/middle/bottom): 14/14/3 A.
The etchmg of the trench 1s performed by the CW bias so that
the 10n incident energy 1s reduced, thereby the generation of
the side etching region 27 1s reduced. In the second embodi-
ment, the first etching process 1s performed until the depth of
the etching reaches 80% of the depth D shown i FIG. S.
Alternatively, the first etching process may be performed just
until the depth of the etching reaches the lower oxide film
layer 22 1n order to decrease the side etching region 27. In
addition, vanations of the depth D in the substrate 2 and
between the substrates 2 have to be considered.

Next, a second etching process 1s performed by the TM bias
in the condition shown i FIG. 17. In the second etching
process, conditions are set as the SF, gas flow: 120 ml/min,
the O, gas tlow: 30 ml/min, the microwave output: 600 W, the
pressure: 1.5 Pa, the bias RF applying method: TM, the RF
output: 10 W, the RF duty ration: 30%, RF frequency: 1.0
kHz, the substrate temperature: —45° C., and the coil current
(top/middle/bottom): 14/14/3A. By using the TM bias, the
protecting film on the sidewall of the trench adjacent to the
lower oxide film layer 22 1s strengthened and the side etching
region 23 on the lower oxide film layer 22 1s reduced.

The etching treatment combined the first etching process
under the CW bias and the second etching process under the
TM bias can reduce the side etching region 27 just beneath the
mask 24, and the side etching region 23 on the lower oxide
f1lm layer 22. Moreover, the process time of the second etch-
ing process by the TM bias can be reduced so that the etching
of the lower oxide film layer 22 can be reduced.

The shape of the trench obtained in the second embodiment
1s shown 1n FI1G. 9. The side etching region 27 just beneath the
mask 24 and the side etching region 23 on the lower oxide film
layer 22 are small. In the second embodiment, the etching of
80% of the depth D 1s performed by the CW bias, and the
etching of residual 20% of the depth D 1s performed by the
TM bias, so that the etching of the lower oxide film layer 22
may be performed a little. However, the ratio of the etched
depth between at the first etching process and at the second
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etching process can be optimized so that the etching of the
lower oxide film layer 22 1s reduced.

The etching treatment combined the two processes 1s also
elfective for a S10, mask 30 having a forward tapered shape
shown 1n FIG. 10. When the S10, mask 30 has the forward
tapered shape, a void of the mask surface 1s generated in a part
of the mask 30, the thickness of which 1s small, as shown 1n
FIG. 11. The void of the mask 30 proceeds to the periphery,
when the etching of the surface of the mask 30 proceeds.
Thus, as shown i FIG. 11, the side etching region 27 1is
generated just beneath the mask 30.

In this case, using the CW bias having the smaller 1on
incident energy in the first etching process can reduce the
generation of the void of the mask 30. Using the TM bias 1n
the second etching process can also reduce the side etching
region 23 on the lower oxide film layer 22. Accordingly, the
side etching region 27 just beneath the mask 30 and the side
ctching region 23 on the lower oxide film layer 22 can be
reduced, thereby the shape similar to that shown 1n FI1G. 9 can
be obtained.

In the second embodiment, troubles due to the switching of
the processes cannot be caused, such as a bump of the sidewall
of the trench, a residual needle on the substrate 2, and an etch
stop. When switching from the process under CW bias to the
process under TM bias 1s operated, the discharge of the elec-
tricity 1s maintained. Alternatively, the discharge may be
stopped and the second etching process may be started after
the process condition 1s accurately set, so that a more stable
etching treatment can be performed.

The etching rate of S11s not changed between the CW bias
and the TM bias so that the throughput of the etching 1s not
alfected. In the second embodiment, other parameters other
than the bias change may be set similarly between the first
ctching process and the second etching process. Alternatively,
a better shape of the trench may be obtained by changing the

other parameters 1n each etching process.

Other Embodiments

In the embodiments, by using a conventional flow ratio,
1.€., SF . gas: O, gas=3:2, a silicon black 25 shown in FIG. 3 1s
generated on the external portion of the substrate 2, on which
the mask 24 1s not formed, and the exposed silicon layer 21,
on which the mask 24 1s not formed locally on the substrate 2.
When the ratio of the SF gas to the O, gas 1s small, the black
silicon 25 1s easy to be generated. The reason 1s that excess
by-products of S10 series material are adsorbed to the surface
of the substrate 2, and work as a mask so that the etching 1s
stopped.

The black silicon 25 1s broken 1n a washing process using,
fluorinated acid or the like, and the broken pieces of the black
silicon 25 floats 1n the washing liquid. Thus, The broken
pieces of the black silicon 25 are adsorbed to the substrate 2
and cause problems such as a decrease of a yielding rate and
a decrease of a productivity caused by necessity of change of
washing liquid.

In order to reduce the generation of the black silicon 25, the
ratio of the SF . gas to the O, gas may be increased. However,
the increase of the SF, gas causes the side etching region 27
just beneath the mask 24 shown in FIG. 4. FI1G. 12 1s a graph
showing a relationship between a length of the side etching
region 27 and the ratio of the SF, gas to the O, gas. The
definition of the length of the side etching region 27 1s the
same as that shown 1n FIG. 2. When the ratio of the SF gas
increases, F-ion and F-radical increase so that the protecting
film formed on the sidewall of the trench 1s reduced. There-
tore, the F-radical erodes the thin protecting film, and the
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1sotropic etching by the F-radical increases the length of the
side etching region 27. The side etching region 27 just
beneath the mask 24 generates the void and causes the
decrease 1n the vielding rate, when the insulating material 1s
embedded 1n the trench.

However, when samples having 2-10% opening rate of the
mask 24 are tested, the black silicon 25 1s generated when the
ratio of the SF, gas to the O, gas 1s equal to or less than 3. IT
the ratio 1s between 4 and 10, the generation of the black
s1licon 25 and the side etching region 27 just beneath the mask
24 can be prevented at the same time by strengthening the
sidewall protecting film. Optimizing the applying condition
of the TM bias and the temperature condition of the substrate
except for the gas tlow ratio performs the strengthening of the
sidewall protecting film.

In addition, 1n the trench processing, the depth of the trench
1s between tens of micrometers and hundreds of micrometers.
As the depth of the trench becomes larger, a reaching depth of
the radical and the 10n becomes shallower so that the etching
rate of S1 decreases. Theretfore, when the trench to be etched
1s deep, an increase 1n the rate of the S1 etching 1s required for
maintaining the productivity. FIG. 13 1s a graph showing a
relationship between the S1 etching rate 1n the trench process-
ing and the ratio of the SF gas to the O, gas. When the ratio
of the SF, gas increases, the S1 etching rate increases,
although the increase 1n the ratio of the SF, gas causes the
generation of the side etching region 27. However, strength-
enming the sidewall protecting film can prevent the generation
of the side etching region 27 just beneath the mask 24. Opti-
mizing the condition of the TM bias and the temperature
condition of the substrate 2 performs the strengthening.

FIG. 14 1s a graph showing a relationship between the
length of the side etching region 27 beneath the mask 24 and
the electrode temperature. The defimition of the length of the
side etching region 27 is the same as that shown in FIG. 2.
When the electrode temperature decreases, the length of the
side etching region 27 just beneath the mask 24 decreases.
When the electrode temperature 1s about -50° C., the side
etching region 27 1s formed slightly a little. However, the
generation of the void 1s not caused after an object 1s embed-
ded in the trench.

In the process of the etching treatment, the adsorption and
desorption of the by-product to be the protecting {ilm on the
sidewall of the trench are repeated. The protecting film 1s
tormed appropriately by improving the rate of the adsorption
by lowering the electrode temperature even when the amount
of the by-product 1s small. Thus, the anisotropic etching can
be performed. Accordingly, when the electrode temperature
1s much lowered, the rate of the adsorption of the protecting
{1lm 1s improved. In the condition where the ratio of the SF 1s
equal to or more than 10, the decrease of the side etching
region 27 and the increase of the etching rate are performed at
the same time. In the present apparatus, the electrode tem-
perature cannot be controlled to be —50° C. or less than —50°
C. I the electrode temperature can be controlled to be —60°
C., the length of the side etching region 27 may be less than
0.1 um as shown 1n FIG. 14. In the substrate 2, in which the
depth D shown 1n FIG. 5 1s equal to or less than 20 um, when
the electrode temperature 1s about -20° C., the side etching
region 27 can be reduced sufliciently. In order to form a
trench, the depth D of which 1s equal to or more than hundreds
of micrometers, the electrode temperature 1s controlled to be
—-60° C. or less, and the strengthening of the protecting film 1s
required.

Further, an OFF time of the high-frequency bias i1s con-
trolled by adjusting the duty ratio and the period of the TM
bias control. The OFF time control provides to control the
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reacting time of the by-product and the adsorption time of the
by-product to the sidewall so that the effect of the protecting
f1lm increases. When the period of the TM bias 1s lowered to
200 Hz, the OFF time becomes long. Therefore, the effect of
the protecting film 1s increased, but the amisotropic etching 1s
decreased. When the period of the TM bias 1s increased to 10
MHz, the anisotropic etching 1s secured, but the effect of the
protecting film 1s decreased. In order to maintain the aniso-
tropic etching and the effect of the protecting film at the same
time, the period of the TM baas 1s controlled to be between
500 Hz and 3 MHz. Preferably, the period may be controlled
to be between 1 kHz and 2 MHz.

FIG. 15 1s a graph showing a relationship between a S1/510
selection ratio and the duty ratio. The S1/510 selection ratio
represents aratio of the etching rate of the silicon trench to the
ctching rate of the mask. When the duty ratio decreases, the
selection ratio increases. The reason of this effect 1s described
below. While the applying of the high-frequency voltage 1s
stopped, the etching rate of the mask 1s decreased. However,
the etching rate of the trench 1s maintained. The 1on having the
high ability 1n the vertical movement can reach the bottom of
the trench suiliciently so that the etching rate of the trench 1s
maintained. The TM bias 1s applied intermittently such that,
for example, when the duty ratio 1s 20%, the applying time of
the TM bias 1s 20% compared with the CW bias. Therefore,
unnecessary etching of the mask 24 can be decreased. When
the duty ratio 1s 20%, the S1/510 selected ratio 1s about 20 as
shown 1n FIG. 15. However, optimizing the amount of the gas
flow, the TM bias power, and the applying period of the TM
bias can increase the S1/S10 selection ratio to be about 40.

In the embodiments, the microwave plasma etching appa-
ratus using the microwave and the magnetic field 1s described
as an example. However, any method for generating the
plasma can be used. A helicon wave plasma etching appara-
tus, an inductively coupled etching apparatus, a capacity cou-
pling etching apparatus, and a reactive 10n etching apparatus
having the magnetic field may be used. Moreover, an equiva-
lent effect of the microwave etching apparatus may be
obtained from the above-described apparatuses.

While the invention has been described with reference to a
preferred embodiment thereot, 1t 1s to be understood that the
invention 1s not limited to the preferred embodiment and
constructions. The invention 1s intended to cover various
modification and equivalent arrangements. The invention 1s
intended to cover various combinations and configurations,
which are preferred, other combinations and configurations,
including more, less or only a single element, are also within
the spirit and scope of the ivention.

What 1s claimed 1s:

1. A method of etching for forming a groove 1n a SOI
substrate, the method comprising of:

forming a mixed gas plasma by using a mixed gas of a

fluorinate gas and an oxygenic gas;

applying a high-frequency bias continuously to the SOI

substrate 1n a first etching step; and

applying a high-frequency bias intermittently to the SOI

substrate 1n a second etching step, wherein the high-
frequency bias 1s a temporally modulated high-ire-
quency electricity.

2. The method according to claim 1, wherein:

the tfluorinate gas includes at least one of SF, S,F,,, NF,,

CF,, and C,Fy; and

the oxygenic gas includes at least one of O, and CO.

3. The method according to claim 1, wherein:

the SOI substrate 1s disposed on an electrode 1n a chamber,

and the electrode has a temperature in a range between

-30° C. and -60° C.
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4. The method according to claim 1, wherein:
the high-frequency bias has a modulation frequency in a
range between 1 kHz and 2 MHz.

5. The method according to claim 1, wherein:

the high-frequency bias has a power 1n a range between 0.1
and 0.3 W/cm”.

6. The method according to claim 1, wherein:

the high-frequency bias has a duty ratio of electricity 1n a
range between 20% and 50%.

7. The method according to claim 1, wherein:

in the second etching step, the high-frequency bias inter-
mittently applied to the SOI substrate provides an ON
time, 1n which the high-frequency bias 1s applied, and an
OFF time, in which the high-frequency bias 1s not
applied,

the high-frequency bias has a duty ratio 1n a range between
20% and 50%, and
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the duty ratio defines a ratio of the ON time to a total time
of the ON time and the OFF time.

8. The method according to claim 1, wherein:

the fluorinate gas 1s a SF gas;

the oxygenic gas 1s an O, gas; and

a flowing ratio between the SF, gas and the O, gas 1s1n a
range between 4 and 10.

9. The method according to claim 1, wherein:

the first etching step 1s performed before the second etch-
ing step.

10. The method according to claim 1, wherein:

the first etching step 1s performed such that 80% depth of
the groove 1n the SOI substrate 1s formed, and

the second etching step 1s performed such that residual
20% depth of the groove 1n the SOI substrate 1s formed
after the first etching step.
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